Abstract: Since the reference signal based on the fixed reference range is used in the range migration algorithm (RMA), the RMA is not available to process an airborne squint-mode spotlight synthetic aperture radar (SAR) data. Thus, the modified reference signal to transform a squint-mode data to a broadside-mode data is introduced on the basis of the coordinate transformation and the extended Taylor approximation. Then, using the principle of the stationary phase, the presented formulation is analysed. Moreover, to compensate curvature errors, the proposed method is extended on the basis of the subarea technique. Finally, the effectiveness of the proposed method is demonstrated by some numerical simulations via a pulsed spotlight SAR simulator.
Introduction
Spotlight synthetic aperture radar (SAR) has been used to obtain a high azimuth resolution. Several algorithms have been developed for the reconstruction of spotlight SAR data [1] [2] [3] [4] [5] [6] . Conventional reconstruction methods such as the polar format algorithm (PFA) are typically used under the plane wave assumption [1] [2] [3] [4] . However, the range migration algorithm (RMA) technique increases the image quality by utilising the actual spherical wave. Moreover, since the RMA technique has the computation efficiency and produces acceptable results in the broadside situation, it is available for SAR data processing [1, 3, 5] . However, if spotlight images are recorded in the squinted geometry, crucial problems arise in the RMA technique. That is, since the RMA technique requires the reference signal based on the fixed reference range unlike the PFA technique, the phase of scene centre scatter is changed after mixing the received signal and the complex conjugated reference signal [1] . Thus, the RMA technique cannot yield an acceptable performance in the squint-mode. If this problem is not properly compensated during the SAR data processing, the quality of the final image in the squintmode SAR is degraded. Also, since squinting could increase the flexibility of the flight path, it is necessary to process the squint-mode SAR data. Though several methods have been studied in the stripmap SAR with a squint angle, in the case of spotlight SAR with a squint angle, it is a still difficult task to obtain the high quality images [7, 8] . In particular, in the case of the squint-mode spotlight SAR, the PFA technique has been accommodated [1, 7] . However, this algorithm limits the quality of the final image because of polar-to-rectangular interpolation and has a higher computational burden due to two interpolations compared to the RMA technique with one interpolation [1] . Thus, we extend the original RMA technique to introduce an efficient way for the squint-mode spotlight SAR imaging. We modify a reference signal based on the extended Taylor approximation and the coordinate transformation. Thus, using the modified reference signal, we can transform an original squint-mode raw data to a broadside-mode raw data. Then, with the new coordinate, we analyse the formulation using the principle of the stationary phase. Moreover, to compensate curvature errors in the proposed method, we extend the proposed method based on the subarea technique. Finally, we test the proposed algorithm with some numerical simulations via a pulsed spotlight SAR simulator.
2
Signal model of airborne squint mode spotlight SAR
The geometric model in Fig. 1 provides the basis for a simple airborne squint-mode spotlight SAR model. The SAR sensor travels a straight-line flight path parallel to the x-axis during a synthetic aperture length L. Moreover, the SAR sensor travels at constant velocity and altitude. To maintain uniform spatial sampling, the radar uses a fixed pulse repetition interval.
Let the SAR sensor position along the flight path be (x a , y a , z a ), where x a is an azimuth position, y a is the constant ground distance between the flight path and the x-axis and z a is a constant airborne altitude. Let
) be the distance between the SAR sensor and the target. Also, let (x c , y c ) be a squinted scene centre position and u s ¼ tan
21
(x c / (y a 2 y c )) be a squint angle [2] . The size of scene area is X 0 Â Y 0 , where X 0 is the x-direction distance and Y 0 is the y-direction distance of the scene area, respectively.
The linear FM (chirp) pulse with duration time T p transmitted by the radar [1] where c is the speed of microwave, n is the pulse number and r(x t , y t , z t ) is the reflectivity function of the target. 
From (3), the distance R rt between the rotated SAR sensor and the target is
where
Then, as shown in Fig. 3 , to express the coordinate of the broadside-mode, we use a coordinate transformation as
Let (x a , ȳ a , z a ) and (x t , ȳ t , z t ) be the rotated SAR sensor position and the target position for the new coordinate (x, ȳ, z), respectively. Note 2 is the ground distance between the x-axis and the new flight path. Also, let R s ¼ p ( ȳ a 2 þ z a 2 ) be the fixed slant distance between the x-axis and the new flight path. Thus, the distance R t between the rotated SAR sensor and the target in the new coordinate can be expressed as follows
Since, as it follows from the coordinate transformation, R t ¼ R rt , if we can induce R rt from R t , we can process the squinted data. Therefore for inducing R rt from R t and better approximating R rt , we extend the Taylor approximation as follows. Using the first-order Taylor approximation in the two variables (Dx a , Dy a ), R rt can be rewritten as follows
where the parameter m is used to adjust bounded errors induced by the approximation and is an arbitrary positive constant. Similarly, we perform the Taylor approximation for the first term of (7). After repetitive manipulations, we obtain
Also
In the case of airborne spotlight SAR with a small scene, the values of (x t Ã , y t Ã , z t ) is much smaller than those of (x a , y a , z a ). Thus, from (8) and (9), we can approximate R rt as follows
Note that the accuracy of the approximation increases as the tuning parameter m becomes larger and the computational complexity of R is O(N Â m), where N is the total pulse number. That is, there is a tradeoff between the accuracy of the approximation and the computation time of R. Hence, to obtain an equivalent data in the broadsidemode, we use the modified reference signal as follows 
where R ¼ R s 2 R. Then, if we mix the received signal (2) with the complex conjugated signal of (11), the resulting signal is sðn; t; x a ; y a ; z a Þ ¼ rðx t ; y t ; z t Þe jFðn;t;x a ;y a ;z a Þ ð12Þ with F(n, t; x a , y a ,
From the phase term of (12), we obtain the following phase term
where (8pg/c 2 ) (R 2 R s )(R t 2 R ) þ (4pg/c 2 )(R t 2 R ) 2 is the residual video phase term. To remove it, we modify the range deskew process [1] . From the range deskew process, the instantaneous frequency is
Evaluating this derivative yields
using R D ¼ R t 2 R for convenience. Thus, from f ' 2(2g/ c)R D , we introduce the following phase compensation term
where f t is the frequency variable while t is the time variable. After application of s com ( f t ), the phase term becomes
From R t ' R rt 2 R and R ¼ R s 2 R, we obtain the following phase term
Thus, from R t ¼ R rt , we obtain the following phase term
. Then, the azimuth Fourier transform of s(n, k r ; x a , ȳ a , z a ) with respect to x a yields
) and k x is an azimuth spatial frequency. Using the principle of the stationary phase to evaluate (20), we obtain the following matched filter
A change of variables, known as the Stolt interpolation is defined as
) [1, 9] . Thus, after application of the matched filter and the Stolt interpolation, the phase term becomes
Hence, the signal becomes
From (23), if we perform a 2D inverse FFT for the distributed targets, we can obtain the SAR images. Moreover, as shown in Figs. 2 and 3 , the reconstructed targets are not in their original position because of the transformation. Thus, to rotate and translate the targets to the original position, we need the following transformation matrix
Proposed method for large scene
If the proposed method shown in Section 3.1 produces a desired image for the full scene, we define the case as the smallness of a scene. However, as the scene size becomes larger, curvature errors induced by the effect of the scene size in the approximation of R rt increase. Since the errors cause distortion and defocusing that vary with target location, the curvature errors can limit the scene size. If the proposed method shown in Section 3.1 produces an acceptable image for the centre region of the scene area but does not produce an acceptable image for the distant region from the centre of the scene area, we use the subarea technique [1] . Thus, using the following steps, we can extend the proposed method shown in Section 3.1 for airborne squint-mode spotlight SAR with a large scene.
Step 1: As shown in Fig. 4 , we divide the scene size into a number of smaller scenes (subareas). Note M ¼ P Â Q is the total number of subareas, where P and Q are the subarea numbers of the x-direction and y-direction, respectively. Moreover, U ( p,q) for p ¼ 1, . . . , P and q ¼ 1, . . . , Q is the ( p, q)th subarea.
Step 2: For each subarea, we define a new squinted scene centre, a new squint angle and a new ground distance between the new axis and the rotated flight path. That is, let the scene centre position of the ( p, q)th subarea be u
(a p /(y a 2 b q )) be the squint angle and
) be the range distance.
Step 3: As shown in Fig. 4 , to rotate the flight path and transform the coordinate for each subarea, we use the squint angles given in step 2. Then, for each subarea, we perform the proposed method given in Section 3.1.
Step 4: To reduce the processing time, we perform the proposed method via multi-processor. Then, we add independently the subareas together to form an image of the full scene.
Simulation results
In order to show the validity and effectiveness of the proposed method, we simulate a radar imaging of 2D targets using MATLAB. The basic simulation parameters are as follows:
Case 1: Small scene
As shown Figs. 5 -7, the proposed method produces the desired results when the targets are near from the squinted scene centre (small scene). Moreover, as the squint angle becomes larger, the proposed method generates better results compared with the PFA technique. In particular, for (x c , y c ) ¼ (2000 m, 200 m), the PFA technique is difficult to reconstruct the desired images. Also, as shown in Table 1 , since the bounded error induced by the approximation becomes smaller by increasing the parameter m, we can obtain the high-quality image. However, the computation time of R increases. Thus, we choose the tuning parameter m ¼ 1000 using a tradeoff between the azimuth resolution and the computation time of R.
Case 2: Large scene
We set (x c , y c ) ¼ (1500 m, 200 m). As shown Fig. 8 , the proposed method with one subarea generates the ghost points and the degraded results as the targets become more distant from the squinted scene centre (large scene). However, the proposed method with eight subareas yields better results and produces lower sidelobes. Moreover, as shown in Figs. 8c and d , we obtain the following image quality parameters. The azimuth resolution (mainlobe 23 dB width) and PSLR of the proposed method with one subarea are about 0.8 m and 26.7 dB except the ghost points, respectively. However, the azimuth resolution and PSLR of the proposed method with eight subareas are about 0.25 m and 213.75 dB, respectively.
Conclusions
To obtain SAR images with high quality for airborne squint-mode spotlight SAR, we have proposed an efficient compensation technique based on the extended Taylor approximation and the coordinate transformation. Using the modified reference signal, we have formulated and analysed the phase information for the new broadsidemode coordinate using the principle of the stationary phase. Moreover, to compensate the curvature errors, we have extended the proposed method based on the subarea technique. Finally, we have shown the effectiveness of the proposed algorithm through some numerical simulations. 
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